Abstract Cannabinoids affect positive and negative affective experience and emotional perception, possibly by modulating limbic brain reactivity. In this double-blind crossover, placebo-controlled functional magnetic resonance imaging study in humans, an acute oral dose of D 9 -tetrahydrocannabinol (THC) attenuated subgenual anterior cingulate cortex (sgACC) reactivity during the induction of negative affect. This observation extends prior findings implicating a cortico-limbic, emotion-related central mechanism underlying cannabinoid function.
Introduction
The endogenous cannabinoid system has been identified as an important neuromodulator of emotional states, stimulating interest in this system as a potential novel target to treat affective disorders (Hill and Gorzalka 2009; Gaetani et al. 2009 ). Cannabis sativa, and its primary active constituent D 9 -tetrahydrocannabinol (THC) produce a complex subjective experience that involves elevating positive mood, attenuating negative mood, and enhancing relaxation (Gobbi et al. 2005; Hollister 1986; Hall and Solowij 1998; Wachtel et al. 2002; Kirk and de Wit 1999) .
Cannabinoid Type 1 (CB 1 ) receptors are densely localized in the amygdala and associated limbic frontal cortex including the anterior cingulate cortex (ACC) (Westlake et al. 1994; Tsou et al. 1998; Mailleux et al. 1992; Moldrich and Wenger 2000; Eggan and Lewis 2007) , regions strongly involved in emotion and negative affect (Kober et al. 2008; Phan et al. 2002) and the pathophysiology of depression (Drevets 1998; Pezawas et al. 2005; Mayberg et al. 1999; Pizzagalli 2010) . Interestingly, chronic use of marijuana is associated with selective attenuation of ACC and amygdala reactivity to affective stimuli (Gruber et al. 2009 ) and thus, agonism of CB 1 receptors could account for the striking mood altering effects of THC.
In the present analysis, we examined the effect of THC on brain activity during a validated emotional picture processing task (the Emotional Pictures Task, EPT). The negatively valenced images typically induce negative affect while engaging limbic-paralimbic brain regions, particularly the amygdala and ACC (Phan et al. 2002) . In a double-blind, randomized within-subjects crossover design, we examined the effects of a moderate dose of oral THC (7.5 mg) or placebo (PBO) in healthy volunteers (n = 16) on subjective and brain indices of stimulusinduced negative affect. We hypothesized that relative to PBO, THC would attenuate reactivity in cortico-limbic regions (amygdala and ACC) during the experience of negative emotion. The EPT also employs positively and neutral valence images, allowing for examination of the valence specificity of THC's effects.
Materials and methods

Subjects
Sixteen healthy, right-handed volunteers (eight males; aged 18-28 years) participated in this study, previously described (Phan et al. 2008 ). All participants gave written informed consent after explanation of the experimental protocol, as approved by the University of Chicago Institutional Review Board.
Experimental protocol and task
The study used a two-session, double-blind, placebo-controlled, within-subject design as previously described (Phan et al. 2008) . Approximately 120 min prior to scanning participants ingested an opaque gelatin capsule (size 00) with dextrose filler that contained either synthetic THC (Marinol; 7.5 mg; Solvay Pharmaceuticals, Marietta, GA) or dextrose alone (placebo; PBO) in a random order. Subjective mood/drug effects were assessed via the Drug Effects Questionnaire (DEQ) (Johanson and Uhlenhuth 1981) throughout the experiment and under both THC and PBO, as previously reported (Phan et al. 2008 ). We conducted the fMRI experiment between the 90 and 210 min interval post-drug ingestion (PBO condition, 129.10 ± 3.95 min; THC condition, 130.60 ± 4.35 min) during peak levels of subjective drug ''high'' (Fig. 1) , as measured by the DEQ. We also collected subject responses to the Addiction Research Center Inventory (ARCI) (Chait et al. 1985; Martin et al. 1971 ), a true-false questionnaire with empirically derived subscales sensitive to the effects of marijuana (ARCI-M), including drug-induced euphoria, stimulant effects, intellectual efficiency, sedation, dysphoria and somatic effects (Chait et al. 1985) 30 min before ingestion of the THC or PBO capsule and at 30, 90, 210, and 270 min (T1-T5) after ingestion of the capsule.
The stimuli used in the EPT consist of 180 unique images acquired from the International Affective Pictures System (IAPS) (Lang et al. 2008) classified into three valence categories (negative, n = 60; neutral, n = 60; and positive, n = 60; matched on arousal), based on normative ratings (negative = mean valence = 2.29 ± 0.50; mean arousal 5.80 ± 0.81; neutral = mean valence = 5.04 ± 0.40; mean arousal = 3.49 ± 0.97; positive = mean valence = 7.52 ± 0.44; mean arousal = 5.54 ± 0.78). All picture conditions (negative, positive, and neutral) were matched in color composition, image complexity, and content. The stimuli were divided equally across the two fMRI sessions and no picture was repeated within or between each session to avoid habituation, sensitization, and learning effects on cortico-limbic reactivity, which could bias our fMRI outcome variables. In addition, each of the 180 pictures had matched scrambled pictures generated from a randomized 16 9 16 pixilation. These scrambled images were not recognized as containing any identifiable content and served as a low-level control (baseline condition) to allow the BOLD signal evoked by the emotional images to return to baseline.
This task involved a block design in which participants viewed two 20 s blocks of each stimulus type (negative, neutral, or positive) interspersed with 20 s blocks of the scrambled (i.e., pixilated) and unrecognizable images during each functional run, over 3 runs (12 blocks per run). Each block consisted of five trials of one stimulus type or five trials of matched scrambled pictures, presented consecutively for 4 s each; block order was pseudorandomized within and across subjects (Fig. 2) . During the presentation of each picture stimulus, participants were asked to rate stimulus valence (''How does the picture make you feel?'': 1 = unpleasant; 2 = neutral; 3 = pleasant) during the 4 s display duration via button press. Following the scanning session (between the 210 and 270 min interval post-drug ingestion) all participants viewed each of the 180 unique picture stimuli previously seen during the scanning session and were asked to subjectively rate the valence and arousal evoked by each image on a 9-point scale (Valence: 1, most unpleasant; 5, neither unpleasant or pleasant; 9, most Grey bar denotes the timeframe in which participants were engaged in the IAPS task during fMRI scanning, which also coincided with expected peak THC effects and plasma levels. Difference of rating scores between drug groups is significant at 90, 210, and 270 min after drug administration (p s \ 0.05, twotailed) pleasant; Arousal: 1, least arousing; 5, moderately arousing; 9, extremely arousing); their responses were self-paced.
Functional imaging: acquisition and analysis fMRI scanning was performed on a 3T GE Signa magnetic resonance scanner. Whole-brain functional images (i.e., blood oxygenated level-dependent [BOLD]) were collected using a T2*-sensitive gradient echo reverse spiral acquisition sequence, previously described (Phan et al. 2008) .
Data from 15 subjects met criteria for high quality and scan stability with minimum motion corrections (\3 mm displacement in any one direction; 1 subject was excluded for poor data quality due to excessive head movement) and were subsequently included in fMRI analyses. The first four volumes from each run were discarded to allow for T1 equilibration effects. Functional data were processed and analyzed using Statistical Parametric Mapping software (SPM8; Wellcome Trust Centre for Neuroimaging, London; http://www.fil.ion.ucl.ac.uk/spm) (Friston et al. 1995) , previously described (Phan et al. 2008) . Images were spatially realigned to correct for head movement, normalized to an EPI template in Montreal Neurological Institute (MNI) space, resampled to 2 mm 3 voxels, and smoothed with an 8 mm 3 Gaussian kernel to minimize noise and effects due to residual differences in functional and gyral anatomy during inter-subject averaging. The general linear model was applied to the time series, convolved with the canonical hemodynamic response function and with a 128 s high-pass filter. Condition effects were modeled with box-car regressors representing the occurrence of each block type, and effects were estimated at each voxel and for each subject. In addition, the six movement parameters obtained during realignment were included in the model as regressors to account for motion-related effects in BOLD. Contrast images (linear contrasts of negative [ neutral, positive [ neutral) were calculated for each participant in both PBO and THC session separately to compare brain activity during affective (negative, positive) and neutral conditions. Individual contrast maps (statistical parametric maps; SPMs) were then analyzed at the second level in a random-effects statistical model.
We had a priori hypotheses that negative affect induction would engage limbic circuitry (e.g., amygdala, ACC), and that THC would have valence-specific and localized effects on these regions. We conducted a whole-brain voxel-wise repeated-measures analysis of variance (ANOVA) with drug (THC, PBO) and valence [negative, positive (vs. neutral)] as within-subject factors and we searched for significant activations that fell within an anatomically defined amygdala and ACC (Walter et al. 2003) , consistent with prior approaches (Phan et al. 2008; Zink et al. 2010) . Based on our a priori hypothesis we were particularly interested in testing the main effect of drug and drug 9 emotion interactions.
Behavioral data analysis
Subjective mood/drug effect ratings from the DEQ and ARCI, on-line valence rating and response time, and postscan valence and arousal ratings were analyzed using an ANOVA with the following factors: drug (THC, PBO) and time (T1-T5). Post hoc comparisons using paired t tests were performed after a significant overall F ratio was obtained. We used a significance threshold of p \ 0.05 (two-tailed), corrected for multiple comparisons using Bonferroni correction.
Results
Behavioral results
Subjective data was missing from one participant on the DEQ (n = 14). THC significantly increased ratings of feeling THC effects and feeling ''high,'' (DEQ ''feel'': main effect of drug F (1,13) = 21.21, p \ 0.001; main effect of time F (4,52) = 15.58, p \ 0.001; and drug-by-time interaction F (4,52) = 7.60, p \ 0.001; DEQ ''high'': main effect of drug F (1,13) = 12.37, p = 0.004; main effect of time F (4,52) = 7.09, p \ 0.001; and drug-by-time interaction Cannabinoid modulation experience of negative affect 703 F (4,52) = 5.11, p = 0.002; ARCI-M subscale: main effect of drug F (1,14) = 8.32, p = 0.012; main effect of time F (4,56) = 13.80, p \ 0.001; and drug-by-time interaction F (4,56) = 3.03, p = 0.025). Post hoc t tests showed mean scores for these measures were significantly higher for the THC session relative to the PBO session at 90, 210, and 270 min following ingestion of the capsule (p s \ 0.05), and peaked at 90 and 210 min when participants were performing the fMRI EPT (Fig. 1) . However, THC did not significantly affect ratings on the DEQ ''like drug'' and ''want more drug,'' or on the ARCI subscales (all p s [ 0.05). Data from on-line (during fMRI) valence ratings of the IAPS images and response times were missing from two subjects (n = 13) and from post-scanning valence and arousal ratings were missing from one subject (n = 14) due to equipment malfunction. Behavioral results from the EPT in the scanner showed that there was a main effect of emotion condition for on-line valence (F (2,24) = 74.75, p \ 0.001) with negative images rated as most unpleasant (negative [ neutral [ positive; p s \ 0.05 for all comparisons); however, the drug did not affect these ratings (drug and drug-by-emotion; p s [ 0.05). For post-scanning valence ratings, there was a main effect of affect condition on valence rating (F (2,26) = 193.23, p \ 0.001); similar to on-line ratings, post-scanning valence ratings of negative images were rated as significantly more unpleasant than positive and neutral images (p s \ 0.05 for all comparisons). However, the drug did not affect either post-scan valence or arousal (drug, drug-by-emotion p s [ 0.05).
Neuroimaging results
Within our a priori regions THC significantly reduced activity in the subgenual ACC (sgACC; BA25) (peak MNI coordinate [2, 16, -12] ; volume = 280 mm 3 ; Z = 3.82, p = 0.005, small volume corrected) (Table 1; Fig. 3a) . However, this effect was not specific to valence of the pictures, and the drug did not affect activity in the amygdala. Follow-up analyses on extracted BOLD signals (parameter estimates, ß weights in arbitrary units [a.u.] of activation) from functional clusters that fell within the anatomically defined sgACC from the main effect of drug revealed increased sgACC activation to both positive and negative images in PBO, which was significantly diminished during the THC session, but only during negative images ( Fig. 3b; t (14) = -3.89, p = 0.002, corrected; mean ß ± SEM: PBO, 0.20 ± 0.06 vs. THC, -0.10 ± 0.06); THC had no significant effect on sgACC activation during positive images ( Fig. 3b; t (14) = -1.53, p = 0.15; mean ß ± SEM: PBO, 0.18 ± 0.06 vs. THC, 0.03 ± 0.07).
In addition, to obviate bias and for subsequent generation of additional hypothesis, we report all activation results in brain regions other than our a priori areas in Table 1 . We followed up the voxel-wise main effect of drug by looking at the within-session and between-session contrasts during negative images ([neutral) and confirmed sgACC activation during the PBO session and the absence of this activation during the THC session (Fig. 4) . To explore if a relationship exists between THC-induced change in sgACC activation (PBO [ THC) and THCinduced change in subjective effects (THC [ PBO), we conducted both linear and non-linear regression analyses, but did not observe any significant correlations between change in sgACC activation and changes in reported subjective drug effects (DEQ ''high'' and ''feel,'' VAS ''high,'' and ''ARCI-M'') related to drug at the 90, 210, and 270 min time points during which time THC produced significant increases in those subjective ratings (p s [ 0.05 for all comparisons).
Discussion
Using a placebo-controlled THC administration (a CB 1 receptor agonist) and a validated task to evoke negative emotions and probe cortico-limbic function, we observed that THC significantly reduced sgACC activation to pictures depicting negatively valenced content in a group of non-addicted, recreational marijuana users. This result fits with the notion that THC and other exogenous cannabinoids may have centrally mediated effects on negative mood processes, and supports the idea that endogenous cannabinoids play a role in modulating negative affect. The sgACC is involved in emotion processing and awareness, especially the experience of negative affect (e.g. sadness) (Bush et al. 2000; Mayberg et al. 1999; George et al. 1995; Pizzagalli 2011) . Patients with depressed mood have been shown to exhibit exaggerated reactivity to negative affect challenges and sustained hypermetabolic activity at rest in sgACC (Drevets et al. 2008; Drevets et al. 1997; Pizzagalli 2011) and successful treatment of depression is correlated with normalization of sgACC activation (Mayberg 2003; Mayberg et al. 2005) . Evidence exists to suggest that CB 1 receptor agonism and higher endocannabinoid tone produce behavior in animal models of depression that are indicative of an ([neutral) images in the PBO session and attenuation of sgACC activity to negative ([neutral) images, but no effect on sgACC activation to positive ([neutral images) during the THC session; double asterisk significant at p \ 0.05, corrected for multiple comparisons ''anti-depressant'' effect (Dubreucq et al. 2010; Hayase 2007; Gobbi et al. 2005) . The findings here extend prior evidence of a central mechanism by which THC and other cannabinoid agonists could have mood altering effects in humans Fusar-Poli et al. 2010; Fusar-Poli et al. 2009; Cornelius et al. 2010; Phan et al. 2008 ). This study should be considered preliminary, and several key related questions remain unanswered. Our small and selected sample may have limited our ability to detect THC's effects on activity in our other a priori ROIs (e.g., amygdala) during negative and positive affect induction. We did observe a decrease in sgACC reactivity to positive images during the THC session, albeit not significant, and it is possible that a larger sample size would provide adequate power to detect an effect of THC to positive affect. We chose to administer a low dose of THC in this initial study, and thus, future studies are needed to determine dose-dependent effects and lend greater support to the inference for a direct effect of THC on sgACC reactivity in relation to dose (Paulus et al. 2005) . The lack of THCinduced subjective and behavioral effects in the present study is consistent with prior studies on THC and other mood-modulating agents (Paulus et al. 2005; Harmer et al. 2006; Phan et al. 2008 ) but limits our ability to make inferences about the possible mood elevating effects of THC and whether THC-mediated effects on brain responding are related to changes in negative mood (i.e., attenuation).
In summary, our data demonstrate a significant and selective impact of the cannabinoid agonist THC on sgACC reactivity during negative affect. The current results provide a brain ''target'' for THC's mood elevating effects and extend prior findings implicating a corticolimbic, emotion-related central mechanism underlying cannabinoid function.
